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Abstract 
 
With the world‟s population expected to reach nine billion by 2050, agricultural 
production will have to double to meet this growing demand. Hence, a need for better 
infrastructure to enhance farming efficiency becomes apparent. There are a number of 
solutions that have been developed to date that are commercially available.  They range 
from genetically modified seeds and bio/green fertilizers to advanced farming machinery 
amongst others. However most of the farming equipment developed has drawbacks such 
as: heavy weight – this leads to reduced yields due to soil compacting; human dependency 
– constant monitoring and controlling is needed; light dependency – excludes usage during 
the night or when visibility is poor. Therefore, a possible solution will be researched to 
enhance the evolution of farming equipment. Furthermore, a model will be developed for 
testing and verifying the research. 
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The terms „mobile robot‟, „AGV‟ and „vehicle‟ will be synonymously used.  
1 
1. Introduction 
The emergence of robot use in day to day operations has shown fascinating growth. Robots 
have found their place in various tasks from manufacturing, rescue, security missions, and 
surgical operations to military activities (Bidaud et al., 2011). This could not have been the 
case without the recent growth and advancement in technology which gave birth to new 
and more efficient building blocks for robots. This advancement includes powerful 
microprocessors, GPS, laser sensors, video processing and a host of other systems 
(Holland, J, 2004). Having humans to perform tasks that are difficult and repetitive, 
sometimes under dangerous conditions is unpleasant. Robots are made to avoid this 
challenge and replace or aid humans as they carry out these functions. Therefore the 
benefits of using robots becomes apparent and are imminent through increased production, 
improved safety and reduced maintenance costs (Bidaud et al., 2011). 
 
The use of technology has no doubt been exploited to maximise production and profits. It 
has been embraced in many industries and agriculture has not been spared. Advanced 
Farming Systems, (2011) claims that, “Precision Farming is no longer optional; to be a 
successful farmer today one has to embrace all the technologies that will lead to better 
productivity and efficiency in farming.”  
 
The world‟s population is growing to such an extent that by 2050 the food production must 
be doubled to meet this growing demand (General Assembly: Department of Public 
Information News and Media Division, 2009). Given the limited farming resources 
available, this goal seems impossible to achieve unless the agricultural productivity 
efficiency increases by an estimated 25% (Agricultural Robotics and Automation: IEEE 
Robotic and Automation Society). Therefore, owing to this need, twentieth century 
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farming has been revolutionised with the introduction of precision farming which 
incorporates the use of Global Positioning Systems (GPS) and Geographic Information 
Systems (GIS) (Increasing Crop, Livestock, Through ICT, 2011). This has led to improved 
farming methods, as well as better throughput. With the emergence of GPS and its 
availability for civilian use, it has gained widespread applications in agriculture. Farmers 
can now work when their vision is impaired due to natural elements such as rain or fog or 
even in darkness, thereby creating the possibility of a 24-hour farming operation.  
 
Therefore, by combining mobile robotics with recent technology, one can harness and 
exploit them to reap maximum benefits in agricultural operations. This is the crux of this 
project. 
 
1.1. Overall Aim 
The aim of this project is to develop an AGV that can be used for agricultural purposes. 
 
 
1.2. Objectives 
The objectives of the project will involve the following: 
 To design and build a lightweight AGV platform; 
 To design and build the drive and steering mechanism for the AGV; 
 To develop algorithms for different steering configurations to allow for great 
flexibility; 
 To use GPS for navigation; 
 To integrate obstacle detection; 
 To test and validate the final product. 
 
1.3. Hypothesis 
The use of a four wheel steering system provides better manoeuvrability for AGVs. 
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2. Basic Principles of Mobile Robots 
 
2.1. AGVs 
Automated guided vehicles (AGVs) are mobile robots that have the ability to navigate 
themselves in an environment without human interference. They come in all shapes and 
sizes from as small as an air duct inspection robot to as big as orange harvesting robots. 
Although they may differ in size and operation, the basic principles on which they are built 
are similar. The sections that follow will explore the different types of AGVs in use today. 
This will also incorporate the fundamental principles which must be considered when 
building an AGV. 
 
2.2. AGV Platforms 
AGV platforms are dependent on the function for which they are intended and the 
environment in which they will operate. These platforms may vary depending on the 
structural integrity required and the complexity of their functions. AGVs are found in a 
wide range of industries. However, the most common platforms are carriers or transporters 
used in military, industrial and hospital setups.  
 
2.2.1. Fork Lifts 
These AGVs are used for warehousing and material handling solutions, owing mainly to 
their versatility. They are capable of loading and unloading single or multiple loads to 
different stations at different elevations, making them by far the most common type of 
AGVs (Egemin Automation, 2011) (Bastian Solutions, 2011). 
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2.2.2. Load Transfers 
Load transfer AGVs are built with the intention of moving heavy loads at high throughput 
between stations in a production environment. They mainly interface with conveyor 
systems or automatic warehouse equipment (Savant Automation, 2012). 
 
2.2.3. Clamps 
These are AGVs with clamp handling devices. These devices are very sophisticated to 
avoid any damage to the loads during operation. Clamp AGVs come in different forms 
such as flat clamps for block storages in floor storage warehouse or roll clamps for the 
paper and print industries among other forms. 
 
2.2.4. Tuggers 
Tugger AGVs are special mobile robots capable of pulling non-driven carts. They may 
possess either an automatic or manual hitching system to link and pull the carts. Owing to 
their ability to pull a number of carts, they are capable of carrying more goods than any 
other type (MHI Automated Guided Vehicles, 2013) (Transbotics, 2012). 
 
Special types of AGVs are also found in military use, which perform a number of 
functions. Some are used for spying on the enemy (Arial AGVs), some for rescue missions 
or some for relieving the soldiers of the extra loads they carry. In essence, the use of AGVs 
has been generally welcomed in a wide range of fields. They are slowly but surely 
becoming part and parcel of day to day operations.  
 
Since this report deals with the use of mobile robot technology in agriculture, a closer look 
at recent development in this field will be explored. 
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2.2.5. Agricultural AGVs 
Agriculture has not been spared by the invasion of AGV technology in industries. There 
are a host of mobile robots now used in agriculture to increase throughput. These robots 
are used for planting, spraying, weeding, harvesting, soil sampling and much more.  
 
 
Figure 2-1: BoniRob AGV1  
BoniRob (Figure 2-1) is a 4WD, 4WS AGV developed by AMAZONEN-WERK, together 
with the Osnabrück University of Applied Sciences, Robert Bosch GmbH and other 
partners. It uses GPS for navigation with the ability to map and document the work it 
carries out. (Go Innovations 2014) This AGV is capable of acquiring data from many 
single plants automatically using special cameras and sensors. This data will be used to 
administer the right amount of chemicals to each specific plant as information about its 
health will be available. 
 
1Source: (http://www.go14.de) 
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Figure 2-2 : Weeding AGV with Cycloid Hoe2  
Figure 2-2 shows the weeding mechanism of an autonomous tractor which was developed 
at Copenhagen University in Denmark. It is a rear-wheel drive, front-wheel steer diesel 
powered AGV with GPS navigation.  
 
Figure 2-3 : Autonomous Wheeled Robot3 
The AGV in Figure 2-3 was built at the University of Aalborg as a joint venture between 
the Danish Institute of Agricultural Science, The Royal Veterinary and Agricultural 
University and Aalborg University. The intention was to determine the feasibility of using 
autonomous platforms for field monitoring and plant care. The AGV possesses a number 
of electronic modules which provide information about the status of the vehicle. These 
2 Source: (http://www.unibots.com) 
3 Source: (http://www.control.auc.dk) 
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modules include a Row camera, Gyroscope, Doppler radar, Communications, On-Board 
Computer (OBC), Compass, and GPS (Østergaard, et al., 2004). Table 2-1 summarises the 
modules and their corresponding functions. 
Table 2-1 : Electronic Modules (Wheeled Autonomous Robot) 
Module Function 
Row Camera Used to enable the AGV to follow plant rows 
Gyroscope It provides angular velocity measurements 
OBC Acts as the brain of the AGV 
Doppler Radar Gives the speed of the AGV with respect to the ground 
Compass Measures the tilt and orientation of the AGV 
GPS Provides the absolute position of the AGV 
Communications Provides the wireless LAN and CAN Bus communications 
 
 
2.3. AGV Perception and Sensor Fusion 
The ability to acquire knowledge about the environment is an important aspect in mobile 
robot applications. This is done through the use of sensors which take measurements from 
which meaningful information can be extracted.  
 
Siegwart and Nourbakhsh (2004:89) claim that sensors are classified into tow functional 
axes: proprioceptive/exteroceptive and passive/active. 
 Proprioceptive sensors measure values internal to the system like motor speed, 
battery voltage. 
 Exteroceptive sensors acquire information from the environment such as distance 
measurements and light intensity. 
 Passive sensors measure the environmental energy entering the sensor, for 
example, microphones, and temperature probes. 
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 Active sensors emit energy into the environment and measure the environmental 
reaction, for example, ultrasonic sensors, and laser range finders. 
 
For the purpose of this project only the following types of sensors will be discussed: 
I. Sensors that can give information about the robot‟s heading 
II. Sensors that can provide information about the speed of the robot 
III. Sensors that can detect obstacles to avoid collision and 
IV. Sensors that can give steering angle feedback. 
 
2.3.1. Heading Sensors 
Heading sensors are used to determine orientation and inclination. These sensors can be 
gyroscopes, inclinometers or compasses. Gyroscopes function by preserving their 
orientation in relation to a fixed frame, therefore providing an absolute measure of the 
heading. There are mainly two types of gyroscopes, namely, mechanical and optical.  
 
Compasses are also found in two main forms i.e. Hall Effect and Flux Gate. The Hall 
Effect compass suffers from poor resolution due to internal sources of error (Siegwart, 
2004). The Flux gate type is more accurate but its drawbacks are its size and fairly high 
cost. However the use of compasses for heading calculations is greatly affected by the 
interference of the Earth‟s magnetic field from other magnetic devices. A better solution 
would be to use Global Positioning System (GPS) receivers which can achieve 0.5
0
 in 
heading accuracy.  
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2.3.2. Speed Sensors 
In order to know whether a robot is moving at a desired or set speed, one needs to have the 
ability to measure its speed. This is crucial because unless one can measure the speed, one 
cannot control it. There are a vast number of sensors available on the market that can 
perform this task. A brief review of these sensors and techniques is outlined in the 
following paragraphs. 
 
2.3.2.1. Doppler Radar 
This principle is based on the Doppler Effect. This system works by emitting an 
electromagnetic wave from the transmitter at a known frequency   . This wave is reflected 
back from an object (receiver) at a frequency    which is a function of the relative speed   
between the transmitter and receiver. If the transmitter is moving 
     
 
    ⁄
                                                         (1-1) 
And if the receiver is moving     
     (    ⁄ )                                                     (1-2) 
Where   is the velocity of the waves in the medium; 
 
Figure 2-4 : Doppler Effect4 
 
4Source: (SIEGWART, Roland and Illah, R. Nourbakhsh, 2004) 
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2.3.2.2. Wheel Speed Sensors 
These sensors are used to measure the angular velocity of the wheel or motor which is 
translated into linear velocity. There are many ways available of achieving this, using 
different types of sensors.  Although the means may differ, the principle still remains the 
same. Wheel speed sensors are often referred to as shaft encoders because they generate a 
coded reading of a measurement (De silva, 2007). There are four techniques of transducer 
signal generation (De silva, 2007): 
I. Optical (photo sensor) method 
II. Sliding contact (electrical conducting) method 
III. Magnetic saturation (reluctance) method 
IV. Proximity sensor method 
The optical method uses an opaque disk, with perforations, that is mounted onto a rotating 
shaft. A light source is used to shine light through the perforations as the disk rotates. A 
light sensor is used to detect this light. This produces a series of pulses which can be 
decoded and used to calculate the corresponding speed or angular position. 
 
Figure 2-5 : Optical Encoder5  
The sliding contact encoder makes use of an electrically insulating disk with implanted 
tracks with patterns of conducting areas. A sliding contact touches the tracks as the disk 
rotates producing voltage pulse signals. 
5Source: (http://www.education.rec.ri.cmu.edu) 
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The magnetic and proximity encoders work in a similar manner with the difference being 
the method of detection. For all these methods, the angular displacement   of the encoder 
is calculated as follows 
   
 
 
                                                       (1-3) 
Where   is the number of pulses;   is the maximum number of pulses possible and      
is the range of the encoder. 
 
2.3.3. Proximity Sensors  
Proximity sensors are found in many forms using different techniques to measure distance 
away from objects.  The review in this section will be limited to sensors that are relevant to 
this project. 
 
2.3.3.1. Infrared sensors 
Infrared sensors can be used to detect proximity to obstacles. They work by using specific 
light sensors to detect a selected light wavelength in the Infrared Spectrum. An LED which 
produces the same kind of light is used to produce light which when obstructed by an 
object is reflected back. By measuring the difference in the intensity of the reflected light 
entering the detector, the distance between the object and the sensor can be computed. This 
will be produced as a corresponding analogue voltage signal. 
 
Some sensors such as the Sharp IR sensor utilise a relatively different principle. They 
comprise a detector and an IR LED that are at a fixed distance from each other. Therefore 
by measuring the angle at which the reflected light enters the detector, the distance from 
the object is calculated.  
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Figure 2-6 : Infrared Sensors - Operation Principle6  
 
2.3.3.2. Ultrasonic sensors 
Ultrasonic sensors basically use the same operating principle as the IR sensors. The only 
difference is that a piezoelectric transducer is used to send and detect sound waves. The 
distance between the sensor and the object is calculated by measuring the time of flight of 
the wave from the time it is emitted to when it is detected. Equation (1-4) gives the 
relationship between the distance and the time of flight. 
  
   
 
                                                              (1-4) 
Where c is the speed of sound in air; 
Ultrasonic sensors are preferable to IR sensors because they are not affected by the colour 
of the target or weather elements.  
 
2.3.3.3. Inductive sensors 
Inductive sensors are produced for non-contact metal detection applications. They 
comprise an oscillator with windings that make up the detection face. They work by 
generating a magnetic field from the detection face. When a metallic object moves into the 
6Source: (http://www.education.rec.ri.cmu.edu/) 
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sensor‟s field of detection, Eddy currents develop which dampen the magnetic field. This 
reduction of the magnetic field triggers the output. 
   
2.3.4. Angular Encoders 
 Shaft encoders are commonly used for determining angular position. These encoders exist 
in two forms depending on the nature and method of interpretation of the transducer output 
(De silva, 2007). They can either be incremental encoders or absolute encoders. The output 
of an incremental encoder is a pulse signal which can be timed using clock signals to 
determine angular position. The pulses can also be counted to deduce angular position. 
This angular position is determined with respect to some reference point. However with 
absolute encoders, a number of tracks are found on their transducer disks thus creating 
more than one pulsed signal. Therefore at any given time a number of signals are 
simultaneously generated which correspond to a specific angular position of the encoder 
disk at that time. 
 
Figure 2-7 : Potentiometer7 
Potentiometers are also used as angular position sensors. They are one of the simplest and 
least expensive ways to measure angular position (Bishop, 2002). They consist of three 
terminals (see Figure 2-7). Terminal 1 and 3 are connected to either ends of the resistive 
7Source: (http://www.eeweb.com) 
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material. Terminal 2 is connected to the wiper which slides over the resistive material as 
the potentiometer is adjusted. The total resistance of the potentiometer is equal to the sum 
of the resistance between terminal 1 and the wiper and the resistance between the wiper 
and terminal 3. The resolution is determined by the number of turns the potentiometer 
must go through for the wiper to move from one end of the resistive material to the other. 
Sliding contacts offer high sensitivity and a low cost solution but their drawbacks include 
friction, wear and metal oxidation due to electrical arching amongst others (De silva, 
2007). 
 
2.4. AGV Locomotion Mechanisms 
This section will explore the different types of locomotion mechanisms and the factors that 
influence them for different applications. 
  
Robots have had great success in the manufacturing industry. They have introduced super-
human precision and speed. However, in spite of all this, their lack of mobility presents a 
great draw back. Therefore in order to introduce mobility, the challenge of locomotion has 
to be dealt with. 
 
Locomotion mechanisms enable robots to move within their environment with minimal 
limitations, if any. These mechanisms vary from walking, running, rolling, skating, 
jumping, sliding, flying, swimming to rolling which are direct replicas of their biological 
counterparts see Figure 2-8. However, the wheel is an exception as it is a result of human 
ingenuity and it is still a mystery even up to now as to who invented it (Oracle Think 
Quest Ancient Civilization, 2000). 
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Figure 2-8 : Locomotion Mechanisms4  
In general robots move using two basic mechanisms which are wheeled and articulated 
legged mechanisms. Wheeled locomotion is the simplest as opposed to its legged 
counterpart which requires higher degrees of freedom in addition to its high level of 
complexity (Siegwart, 2004) (Böttcher, nd).  
 
Figure 2-9 shows the different speeds compared with the power consumption for various 
mechanisms. Legged mechanisms are more suitable for rough terrains where irregularities 
make it impossible to use wheels since they require a greater contact surface area. The 
power consumption of legged mechanisms is much more, compared to that of wheeled 
mechanisms on hard flat surfaces. However, as the surface becomes softer, the rolling 
resistance increases, thus increasing the power consumption of wheeled mechanisms. 
Since the legged mechanisms have point contacts with the surface, they are more power 
efficient on soft terrains but offer a complex problem of stability. This then presents 
4Source: (SIEGWART, Roland and Illah, R. Nourbakhsh, 2004) 
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Figure 2-9 : Power versus Attainable Speed for Locomotion Mechanisms4  
to us the key issues of locomotion which are stability, characteristics of contact and the 
type of environment. Despite some disadvantages in some terrains, the wheeled 
mechanism still remains the simplest and most commonly used locomotion mechanism. 
 
2.4.1. Wheeled Mechanisms 
With wheeled locomotion mechanisms, balance, a locomotion research problem, is almost 
certain. A minimum of three wheels are required to achieve stable balance (Siegwart, 
2004). Two-wheeled robots can also be stable but this will require complex algorithms. If 
more than three wheels are used, a suspension will be required to ensure that all wheels 
remain in contact with the ground should the terrain be uneven. Although wheeled 
mechanisms are simple, they still present problems with traction, manoeuvrability and 
control. These problems can be ascribed to the choice of wheels, wheel configurations and 
drive systems amongst other factors. 
4Source: (SIEGWART, Roland and Illah, R. Nourbakhsh, 2004) 
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2.4.1.1. Wheel Types 
The departure point when considering wheeled locomotion mechanisms is the wheel itself. 
According to Siegwart and Nourbakhsh (2004), there are four basic wheel types as shown 
in Figure 2-10.  
 
Figure 2-10 : Basic Wheel Types4  
Figure 2-10 a shows the standard wheel with two degrees of freedom, namely, rotation 
around the wheel axle and around the contact surface while Figure 2-10 b shows the castor 
wheel with two degrees of freedom i.e. rotation around the wheel axle and the offset 
steering joint. Figure 2-10 c shows the Swedish 45° and Swedish 90° or Omni wheel 
which has three degrees of freedom which are rotations around the contact point, around 
the wheel axle and around the rollers. Lastly, Figure 2-10 d shows the ball or spherical 
wheel. This wheel is omnidirectional, but its realisation is technically difficult. 
 
The standard wheel, as well as the castor wheel, prove to be the simplest and are easy to 
implement. They are both highly directional owing to their principle axis of rotation. Thus 
to change their direction of travel, a steering force has to be applied to their vertical axes. 
4Source: (SIEGWART, Roland and Illah, R. Nourbakhsh, 2004) 
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Since the castor wheel rotates around an offset axis, it imparts a force to the robot‟s chassis 
during steering and requires more force to turn it. Unlike the castor wheel, the standard 
wheel has no side effects during steering motion because its centre of rotation intersects 
with the wheel‟s contact area with the ground. However, both wheels cause high friction 
and scrubbing during steering because they are actively steered around their vertical axes. 
 
The Swedish wheel functions just like a normal wheel except that it is less constrained by 
directionality. It possesses small rollers attached around the circumference of the wheel 
that provide low resistance in another direction other than the conventional. Its key 
advantage is that it can kinematically move with very little friction along many possible 
trajectories. The spherical wheel is omnidirectional and can be powered to spin in any 
direction.  
 
2.4.1.2. Wheel Configurations 
Wheel configurations are closely linked to the type of wheel selected and the environment 
in which the robot will function. Therefore a configuration that maximises 
manoeuvrability, controllability and stability is often chosen. Since this report is dedicated 
to a four-wheeled AGV, only configurations containing four wheels will be reviewed. 
Table 2-2 summarises the configurations. 
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Table 2-2: Wheel Configurations 
 
 
2.4.2. Electric Motors 
The largest load in industries and commercial installations is presented by motors whose 
function is to convert electrical energy into mechanical (Gaucheron, 2004). Nearly all 
motors are run by exploiting the force exerted on a current carrying wire in a magnetic 
field. These motors form the basis of the drive behind wheeled locomotion mechanisms. 
Therefore, the sections that follow will explore the different types of motors. 
 
20 
2.4.2.1. DC Motors 
Direct Current (DC) motors are very simple to control. Their high torque capabilities make 
them very attractive for machinery applications. The output speed of a DC motor is 
directly proportional to the voltage supplied while the output torque is directly 
proportional to the current supplied (Hughes, 2006). The direction of rotation can be 
changed by reversing the polarity of the motor. The motor operates as follows: when 
current flows through the rotor or armature, which is the rotating shaft and its associated 
parts, it is forced to rotate due to the magnetic field around it. This field is produced by the 
stator which can be a permanent magnet or an electromagnet. 
 
2.4.2.2. Stepper Motors 
Stepper motors are electromagnetic rotary actuators that mechanically convert digital 
pulses into incremental shaft rotations (Petruzella, 2010). In essence, stepper motors are 
DC motors that rotate in incremental steps. These steps can vary from 0.5
0
 to 45
0
. The 
speed at which they run is determined by the frequency of the pulses while the number of 
pulses determines the number of steps the motor rotates through. Therefore, keeping track 
of the number of pulses into the motor gives the exact angular location of the rotor. This 
eliminates the need for a closed loop control system. Stepper motors exhibit a 
distinguished trait which is the ability to hold their position between steps without the use 
of brakes or clutches. This type of motor has found great use in applications where a 
precise angular position is required. Owing to their stepping motion, stepper motors often 
tend to be difficult to control as they require a correct switching sequence of coils to 
achieve rotation. 
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2.4.2.3. Servo Motors 
Servo motors are DC motors with a dedicated control circuitry that allows for precise 
control of angular position, velocity and acceleration. These motors generally turn 90 
degrees in either direction. Servo motors have a built-in feedback circuit comprising a 
potentiometer for position control. As the motor rotates, the resistance of the potentiometer 
changes, thus regulating how much movement there is and in which direction. The desired 
position of the motor is controlled by the duration of the pulses sent to it. This position is 
compared to the current position (feedback through potentiometer) and the appropriate 
action is taken if there is a difference. The speed of servo motors is determined by the 
difference between the desired and current position, therefore the greater the difference, 
the faster the rotation. Servo motors are most suitable for steering application due to their 
rapid and precise response. 
 
2.4.2.4. AC Motors 
Alternating Current (AC) motors utilise monophase or polyphase alternating current as 
their power source. They tend to be the most common type of motors, especially in 
industrial applications, because of the widespread availability of AC power. These motors 
are well suited for constant speed applications. However, their speed can be adjusted by 
varying the frequency of the current supplied which requires a dedicated controller. AC 
motors are not well suited for mobile robot applications since they require direct access to 
the mains voltage supply. This means that the robot will always have a trailing power 
cable which can be a hindrance to its smooth movement besides confining it to a certain 
radius. Although this challenge can be overcome by using batteries together with an 
inverter, it can be quite cumbersome. Therefore DC motors are most ideal for mobile robot 
applications. 
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2.4.3. Motor Control 
Motor control can be achieved directly from the brain of the robot which can be a 
Programmable Logic Controller (PLC) or a microcontroller. This is dependent on the 
voltage and current requirements of the motor. It is, however, preferable to use a dedicated 
controller or driver for the motor. There are many off-the-shelf controllers available on the 
market today for different kinds of motors. Great care must be taken when selecting one to 
avoid compatibility issues. Most controllers are controlled using either a Pulse Width 
Modulation (PWM) signal or an analogue signal from the brain of the robot. However, to 
use these controllers, one must be well acquainted with motor control techniques. These 
include PID control, PWM and the use of an H-Bridge. 
 
2.4.3.1. PID Control 
PID control is an abbreviation for Proportional, Integral and Derivative control. It is 
extensively used in industry to control machinery. In process control systems, more than 
95% of the control loops are of PID type (Åström, 2002). It is fundamentally built on the 
ability to measure and monitor the difference between the desired state and current state 
and provide affirmative action whilst compensating for disturbances. 
 
If a motor is set to run at a specific speed, there is normally an error between the set speed 
and the actual speed due to friction, the response time of the motor, load variations, etc. 
Thus adding some form of feedback to the system closes the loop (see Figure 2-11) and 
makes provision for reading the feedback and adjusting the output accordingly. 
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Figure 2-11 : PID Closed Loop System 
The PID control system sums up the three types of feedback errors which are: 
 Proportional error – this is simply the difference between the set point and the 
feedback signal; 
 Integral error – this is the rolling average of previous errors and is used to correct 
any end result offset; 
 Derivative error – this uses multiple errors over time to monitor the rate of change 
in order to predict future errors. 
 
 
2.4.3.2. Pulse Width Modulation (PWM) 
Pulse width modulation is the technique of using switching devices to produce the effect of 
a continuously varying analogue signal. As explained in section 2.4.3.1, the varying of the 
input voltage of a motor will result in different output speeds.  
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Figure 2-12 : PWM Duty Cycles8  
This change of speed is controlled by the duty cycle of the PWM signal. This can be from 
zero to the maximum speed of the motor. Since the pulses reach full supply voltage, the 
torque of the motor is not affected. PWM is a more efficient way of running a motor 
because there is less power consumption, thus significantly minimising energy losses as 
heat. 
 
2.4.3.3. H-Bridge 
The direction of rotation of a DC motor is dependent on its polarity. Thus, by reversing the 
polarity, a change in the direction of rotation can be achieved. This is the basic function of 
an H-Bridge. This device is mostly implemented using transistors but the choice of 
transistors to use is governed by the amount of current involved in that specific 
application. This solid state solution is more common as it allows for faster, noise free 
switching.  An H-bridge can also be implemented using non-solid-state means. This is 
achieved through a Double Pole Double Throw (DPDT) relay (see Figure 2-13). 
8Source: (www.robotix.in) 
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Figure 2-13 : DPDT H-Bridge8  
 
2.5. AGV Steering Schemes 
Steering is a very important aspect of a mobile robot as it allows for controlling its motion. 
Therefore steering systems must be insensitive to disturbances from the ground while 
providing the controller with essential feedback needed to maintain stability. In mobile 
robot applications, steering systems are selected according to the extent of manoeuvrability 
needed. This is also subjected to the number of wheels used and whether they are driven 
and/or steered. The selection of a steering system for a mobile robot is also limited by the 
complexity of the mechanical linkages or control software needed to implement it. The 
following sections will review some of the most common steering systems for mobile 
robots. 
 
2.5.1. Skid Steering 
Skid steering, as the name suggests, is achieved by literally scrubbing the wheels across 
the surface on which they are moving. In this steering method, there is no explicit steering 
8Source: (www.robotix.in) 
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of the wheel axels. This is achieved by controlling the direction and magnitude of the 
angular velocity of the wheels on either side of the chassis. The difference in velocity of 
the two sides will result in lateral displacement of the chassis, thus enabling turning. In 
symmetrical chassis configurations, a point turn or zero radius turn can be achieved if the 
wheels on both sides are rotated at the same but opposite velocities (Apostolopoulos, 
2001). Skid steering requires that at least one wheel on each side of the chassis be powered 
to achieve a steering manoeuver. 
 
Figure 2-14 : Steering Systems9 
   
2.5.2. Articulated Steering 
This form of steering is mostly common in heavy industrial machinery. It is achieved 
through the use of a pivot point about which a part of the chassis and its wheels rotate. 
Articulated steering is preferred for narrow aisle manoeuvres. This is because the 
mechanism allows the vehicle to turn as soon as it starts to leave the aisle. Non-articulated 
mechanisms must first fully exit the aisle before turning to accommodate the fact that the 
steering wheel creates a swing-out effect. 
 
9Source: (APOSTOLOPOULOS, Dimitrios S., 2001) 
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2.5.3. Coordinated Steering 
This system employs a mechanical coupling to synchronise the turning of two or more 
wheels subject to desired kinematic geometry. Ackermann and parallel steering are 
examples of coordinated steering. 
 
2.5.4. Independent Steering 
In this steering scheme, all wheels are independently steered. This means that each wheel 
can have its heading independently altered. All-wheel steering systems are capable of 
emulating any rigid-chassis steering schemes if at least one of the wheels on each side of 
the chassis is powered. This system provides great manoeuvrability and allows the vehicle 
to move in any desired direction. It, however, presents issues with actuation and control 
complexity. 
 
2.6. AGV Navigation Systems 
Farrell and Matthew (1999:3) claim that in autonomous vehicle literature, navigation has 
one of the two meanings: 
I. To accurately determine position and velocity relative to a known reference; 
II. To plan and execute the manoeuvres necessary to move between desired locations. 
In order to execute the later the former must first be achieved. Figure 2-15 gives an 
overview of the approach to the guidance, navigation and control (GNC) problem.  
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Figure 2-15 : Guidance Navigation and Control (GNC) System10  
 
There are two basic principles for AGV navigation according to Frog AGV Systems. 
These include: fixed path and free ranging. 
 
2.6.1. Fixed Path Navigation 
In this navigation principle, fixed and continuous paths are well marked on the floor but 
can be changed. Fixed path navigation methods include: 
 A narrow magnetic tape on the surface of the floor 
 A narrow photo sensitive chemical strip on the surface  of the floor 
 A narrow photo reflective tape on the surface of the floor 
 A wire buried below the surface of the floor. 
The methods mentioned above all require some form of sensors mounted on the underside 
of the AGV that detect the presence of a path to follow. Should the vehicle steer off the 
path, the sensors should be able to detect the deviation, forcing the steering algorithm to 
administer corrective action. 
10Source: (FARRELL, Jay A and Matthew, Barth, 1999) 
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2.6.2. Free Ranging Navigation 
This navigation type, as the name implies, allows for free ranging of the AGV and does 
not constrain it to a specific path. 
 
2.6.2.1. Laser 
Laser navigation is commonly used for indoor application in industrial environments. The 
system constitutes a number of targets which are reflectors made from super high 
reflective material (Frog AGV Systems, 2013). These reflectors are mounted vertically at 
known fixed positions in the environment in which the AGV will operate. A beacon that 
emits a rotating laser beam is mounted on top of the AGV. As the AGV moves this beam 
is reflected back to the vehicle. By using a minimum of two targets, an AGV can calculate 
its relative coordinate location and heading using simple geometry. Although this method 
is simple in operation, its disadvantage is that the AGV requires a direct line-of-sight with 
the target. 
 
2.6.2.2. Inertial  
Inertial Navigation Systems (INSs) rely on knowing your initial position, velocity and 
attitude
1
 and thereafter measuring your attitude rates and acceleration (Grewal et al., 
2007).  It is based on Newton‟s first law of motion. By using gyroscopes and 
accelerometers, the angular velocity and acceleration (respectively) of the AGV can be 
measured. In most applications, Inertial Measurement Units (IMUs) are used to acquire 
this information. IMUs are compact devices that contain three accelerometers and three 
gyroscopes. 
 
1Attitude: the position of a n aircraft or spacecraft in relation to specified directions 
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By taking the first integral of the measured acceleration, the velocity can be determined. 
Taking the second integral of the acceleration will yield the position (Farrell, 1999). In 
order to integrate in the correct direction, the attitude is needed. This is obtained by 
integrating the sensed angular velocity. 
Although Inertial Navigation Systems do not rely on any external references, they have 
their disadvantages. The mean-squared navigation errors of INSs increase with time and 
they require more time to initialise besides being costly. 
 
2.6.2.3. Dead Reckoning 
This technique has been used for centuries in marine and aviation applications. It operates 
by estimating a position by extrapolating from a known position and then keeping track of 
the direction, speed and time elapsed (Tooley, 2007). Therefore the minimum sensing 
requirements are direction indicators and speed indicators (Farrell, 1999). Multiplying the 
average speed along a given heading by the time of travel yields the distance travelled. 
 
2.6.2.4. GPS 
Global positioning System (GPS) is a system that provides users with position, navigation 
and time services. It is owned by the U.S. Government. It consists of three segments which 
are the space segment, control segment and the user segment. The U.S. Air Force is 
responsible for developing, maintaining and operating the space and control segment. 
 
The space segment consists of a constellation of satellites. At least 24 satellites are made 
available 95% of the time (Official U.S. Government information about the Global 
Positioning System (GPS) , 2012). The satellites circle the Earth twice a day at an altitude 
of about 20200 km. The constellation is arranged into six equally-spaced orbital planes 
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each containing four slots occupied by satellites. This 24-satellite arrangement ensures 
there are at least four satellites in view from virtually any point on the planet. 
 
 
Figure 2-16 : GPS Constellation11 
 
The control segment features a global network of ground facilities that track the GPS 
satellites, monitor their transmissions, perform analyses and send commands and data to 
the constellation. 
 
The user segment consists of GOS receiver equipment. These devices receive signals 
from satellites which they use to calculate the user‟s three dimensional position and time. 
A number of augmentation systems are available to improve the accuracy of the civilian 
signal.    
 
11 Source:  (http://www.gps.gov/) 
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2.7. AGV Control Hardware 
For AGVs to integrate sensors and actuators, a processing unit is required. This in essence 
is the brain of the AGV. It should be able to coordinate actuators by manipulating the 
information acquired through sensors based on a set of instructions stored in its memory, 
normally known as a programme. For the purpose of this project, two types of controllers 
will be reviewed. 
 
2.7.1. Microcontrollers 
Microcontrollers are the most common type of controllers used in mobile robot 
applications. This is mainly because of their compactness and high processing power. 
They are also found in many household electronic appliances such as microwaves, 
refrigerators and washing machines. In these applications, the main concern is the end 
functionality of the product rather than the controller itself. Products of this nature are 
often called embedded systems.  
 
A microcontroller is a computer implemented on a very large scale integrated (VLSI) 
circuit (Huang, 2005). It contains a number of peripheral devices such as, memory, timers, 
PWM, analogue-to-digital (ADC) converters, digital-to-analogue (DAC) converters, serial 
communication interfaces and many more. Microcontrollers are very compact and offer 
high processing power at low cost. They however require a dedicated printed circuit board 
(PCB) for use in different applications. 
 
2.7.2. Programmable Logic Controllers (PLCs) 
A PLC is an industrial computer control system that continuously monitors its inputs and 
controls its output devices, based on the programme stored in its memory. PLCs are 
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designed for extended temperature ranges and are resistant to vibration and impact. Some 
PLCs such as the Siemens S7-1500 allow users to download software changes online 
without stopping normal operations. This is a very important feature especially in 
production lines where any delays are not welcomed. PLCs come with modular extensions 
that can easily be attached to the PLC depending on the application. These modules 
include RS232, 3G cards, Analogue and Digital I/O amongst many more. 
 
2.8. AGV Communication Systems 
There are many communication protocols available today which can be applied to mobile 
robot applications. The choice of protocol is mainly dependent on the range of 
communication needed. The hardware controller also influences the communication 
method choice as a compatible device would be needed. Wireless communication methods 
will be most ideal for mobile robots because they annul the robot‟s movement restrictions 
although limited to the range of the communication method. 
 
2.9. AGV Power and Energy Management 
Power systems play an integral role in the construction of mobile robots as they can 
determine how long the robot will be able to operate depending on their efficiency. On-
board power systems are most ideal for mobile robots as compared with mains connections 
which come with motion restrictions. Therefore, batteries are the most commonly used 
power sources for mobile robots. They come in different forms, shapes and sizes. Selection 
of one is based on and not only limited to: load requirement, life span required, operation 
cycles and ambient temperature. A means of replenishing the battery whilst in operation 
such as regenerative braking or solar/wind charging is welcomed as it allows for longer 
operation cycles. 
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2.10. AGV Safety Systems 
The purpose of AGV safety systems is to detect obstacles in time to avoid collision. These 
systems allow the robot to slow down and stop until the obstacle is cleared or rather 
change its course temporarily to avoid collision. Safety systems can be implemented using 
contact or non-contact means. In non-contact solutions, sensors such as IR, Ultrasonic and 
laser range finders are used to acquire information about the robot‟s surroundings. 
Therefore a robot can detect obstacles in its proximity, thus giving it enough time to decide 
on the appropriate action and avoid collision.  
 
However, on the other hand, contact safety systems operate using bumpers. Bumpers are 
mechanical devices that contain switches which are actuated during collision. Although 
this method works, it does not prevent a collision but reduces the extent of damage upon 
impact. It is not ideal if used in isolation but works well if combined with non-contact 
systems.  
 
In environments where human beings interact with mobile robots, audio and/or visual 
warning systems help identify the presence of robots. These systems can incorporate high 
intensity stacked flashing LEDs and buzzers. 
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3. The AGV Design 
This chapter will review the development of the AGV under discussion. It will utilise the 
information acquired from the research done in the previous chapter to determine suitable 
solutions to different problems. 
 
3.1. System Architecture 
 
Figure 3-1 : AGV System Architecture 
The Siemens S7-1500 PLC was chosen as the central control unit while the S7-1200 was 
used for navigation control. The system is equipped with a wireless interface for manual 
control and programming. This allows for remote access to the system. A number of 
peripheral devices were connected to the system and these will be discussed in detail in the 
sections to follow. 
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3.2. Mechanical Design 
This section will endeavour to outline the procedures taken to come up with the platform 
design of the AGV under review. The calculations used to determine specific properties 
will be shown as well. Finally, the whole mechanical design integration will be shown. 
FEA analysis of one of the crucial parts can be found in sections 8.1 of the appendices. 
 
3.2.1. Drive System 
The drive system of this AGV was designed to implement a four-wheel drive (4WD) 
system. This was chosen because of its great traction characteristics, especially in this case 
where the AGV will be used for agricultural applications. This means that the vehicle will 
have to manoeuvre itself on soft prepared ground consisting of miniature soil lumps but 
generally with almost a flat terrain. Therefore a need for good traction to avoid any form of 
wheel slip becomes imminent. Hence the 4WD system becomes the best solution because 
the whole weight of the vehicle creates traction between the wheels and the ground (See 
Figure 3-2). The selection of this drive system was further influenced by the type of 
steering system chosen. This will be later discussed in detail in section 3.2.2. 
 
Figure 3-2 : Climbing Capabilities of 4WDs, RWDs and FWDs12 
Figure 3-2 shows the 
climbing capabilities 
against the friction 
coefficient of different 
gradients for the 4WD, 
RWD and FWD vehicles. 
12Source: (MADSEN, Tommy Ertbølle and Jakobsen, Hans Lavdal , 2001) 
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3.2.1.1. Calculations 
In order to achieve motion, the drive system must be able to produce enough power to 
overcome the rolling resistance and other frictional forces found in gears and bearings. The 
system must also provide sufficient power to accelerate the vehicle to a required speed 
within a desired time frame. 
 
Rolling Resistance 
The rolling resistance is the primary motion resistance force at low speeds (Gillespie, 
1992).  It is given by: 
                                                                     (3-1) 
Where:    is the rolling resistance coefficient and  the weight of the vehicle. 
Changes in the magnitude of the dynamic weight of the vehicle complicate the calculations 
without any significant improvements in accuracy. Therefore, the static vehicle weight is 
used as it is sufficiently accurate for computation of the rolling resistance (Gillespie, 
1992). There are a number of factors that affect rolling resistance such as air drag on the 
inside and outside of the tyre, energy loss on bumps, tyre slip, scrubbing in the contact 
patch and many more. Therefore equation (3-1) can be expressed as follows: 
 
   
  
 
  
 
 
√
  
 
                                                  (3-2) 
Where:  
   = Rolling resistance force 
  = Weight on the wheel 
  = Constant reflecting loss and elastic characteristics of the tyre material 
  = Outside diameter 
    = Tyre section height 
   = Tyre section width 
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From equation (3-2), one can deduce that the geometric properties of the tyre, as well as its 
material properties, can significantly affect the rolling resistance. Therefore, great care 
must be taken in selecting the wheels to be used for the AGV.  However for our 
application, equation (3-1) will suffice as it is not important to know the precise value but 
an estimate. Moreover a factor of safety will be incorporated in the design which should 
take care of the discrepancies.    
 
Figure 3-3 : Forces Acting on the Wheel 
Figure 3-3 shows the forces acting on the wheel under normal operating conditions. The 
force    is the rolling resistance calculated as follows: 
 
                                                                (3-3) 
 
 
 
      
            
   
 
            
                                                                    
The rolling resistance coefficient    was estimated to be 0.25. The rolling resistance 
coefficient of tractors and heavy vehicles on soft ground is between 0.15 and 0.35 
(Heibing,  2011). The total mass of the vehicle was estimated to be 300kg. 
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The force Fy is as a result of the centripetal force produced during turning and is calcuated 
as follows:                                          
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Finally the force Fz is mainly due to the gravity acting on the vehicle‟s weight. 
 
   
 
 
                                                                 (3-5) 
 
   
 
      
                                                                                                                       
The desired velocity of the vehicle was estimated to be 1.5ms
-1
. This is just about the 
normal walking pace of an adult human being and the speed was deemed appropriate for 
agricultural applications. All calculations hereafter will use this value. Since the vehicle is 
symmetrical about its centre of gravity, it was assumed that all four wheels would carry an 
equal distribution of the vehicle‟s total weight. 
 
Acceleration Force 
This is the force required to accelerate the vehicle to a desired speed. This force is the 
greatest hindrance to motion and comes into action when the vehicle is accelerated from 
standstill. Thereafter, the rolling resistance will be in action. Newton‟s second law of 
motion is applied to calculate this force. 
                                                                   (3-6) 
The vehicle‟s desired speed was estimated to be 1.5ms-1. If this speed must be achieved in 
3s, this results in an acceleration of 0.5 ms
-2
 according to: 
                                                                   (3-7) 
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Where,   is the final velocity,   initial velocity,   acceleration and   time. 
In order to use equation (3-7), the acceleration must be constant. This is not the case in our 
application but to simplify calculations, it was assumed that the acceleration is constant. 
 
Therefore, 
                                                                   (3-6) 
     (   ) 
                                                                                                                         
 
Therefore, in order to move the AGV from standstill, a force    equal to the sum of all the 
forces active is required. This entails the acceleration force    , the rolling resistance    
and other frictional forces    which cannot be quantified. Therefore: 
 
                                                              (3-8) 
 
Owing to the complexity involved in quantifying   , it will be dropped from equation 
(3-8) and will be accounted for in the efficiency of the drive system. Although this is 
expected to cause some discrepancy, it will however be at a negligible scale. This total 
force is not applicable once the vehicle is set in motion as only frictional forces would be 
active then. 
Hence equation (3-8) becomes:   
                                                                   (3-9) 
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3.2.1.2. Wheel Selection 
The selection of the type of wheels used on this AGV was greatly influenced by the terrain 
in which it will operate. Since this AGV is intended for agricultural applications, it will 
operate on prepared ground which can be classified as soft or weak soil. Therefore the type 
of wheels to be used must offer enough traction and little sinkage. The amount of sinkage 
depends on the geophysical properties of the soil and the dimensions, shape, stiffness and 
loading of the wheels (Apostolopoulos, 2001). Given the same loading, wheels with larger 
diameters and widths result in lower sinkage. Therefore the choice of wheels must 
considerably possess these characteristics. Furthermore, such wheels also climb over 
obstacles with minimum effort (BASTOW, Donald and Howard, Geoffrey, 1997). 
 
 
 
 
 
 
 
 
 
Figure 3-4 : AGV Wheels 
There are generally two wheel types; rigid and flexible wheels. Flexible wheels are mostly 
classified as pneumatic wheels. The latter is more desirable for this application as it allows 
for deformation if the wheel rolls over an obstacle. This enhances stability and is a desired 
Wheel Dimensions: 
Diameter: 19” (48.26cm), 
Width:   7“(17.78cm), 
Rim Size: 8” (20.32) 
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effect especially on a semi-rigid suspension system which this AGV possesses. Although 
pneumatic tyres are susceptible to punctures, they still offer a better solution. 
After careful consideration of the factors discussed in this section, the pneumatic wheel in 
Figure 3-4 was chosen for this AGV. According to the design, each wheel must be able to 
sustain a load of 75kg which is well below the allowable load for the chosen wheel. The 
tyre features deep angled grooved lugs which help achieve an exceptional level of traction. 
The wide spaced lugs also offer exceptional clean-out in the mud while the V-shaped 
centre lug provides a smooth ride (STI Mud Trax XL ATV tyres). 
 
3.2.1.3. Motor Selection 
The factor that mostly contributed to the choice of the motor was the cost. Although this 
seems to be a less important constraint, if the budget is limited, it must be considered. The 
torque that the motor is able to deliver played a pivotal role as it had to correspond with 
the design requirements.  
 
Figure 3-5 : MY1020 Unite Motor13 
The rpms of the motor must be considered as well because they influence the overall speed 
of the vehicle. Figure 3-5 shows the motor that was selected to power the drive train of the 
AGV. It is a 36V 500W brushed DC motor. Table 3-1 summarises its properties.  
 
Sprocket 
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13
Source: http://www.unitemotor.com/en/productmin.htm 
 
The MY1020 series of DC motors from Unite Motor Company offer different 
characteristics. The 36V 500W motor was chosen over the 24V 500W because it produces 
the same torque output at significantly less current. This means that the batteries of the 
AGV will last much longer. 
Table 3-1 : MY1020 DC Motor Specifications13 
 
 
From section 3.2.1.1, the total force required to set the vehicle in motion is     . 
Therefore the torque,    required on each wheel is calculated as follows: 
                                                                    (3-10) 
            
                                                                  
Where   is the radius of the wheel. 
Since the chosen motor delivers 1.9Nm of torque, it will have to be coupled through a 
gearbox to produce more torque to match the required. Using the given efficiency (see 
Table 3-1) and factoring in the unaccounted frictional forces of equation (3-8), the required 
gearbox ratio can be calculated as follows: 
The torque    produced by the motor is: 
                                                             (3-11) 
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13
Source: http://www.unitemotor.com/en/productmin.htm 
Where   is the efficiency of the motor and        is the rated torque of the motor. 
Therefore the torque    of the gearbox and motor combination is given by 
                                                         (3-12) 
Where    is the efficiency of the gearbox and   is the gearbox ratio. 
 
Hence the gearbox ratio is calculated as follows: 
 
                                                                     (3-13) 
 
                                                         (3-14) 
 
                                                 (3-15) 
 
                                                           
  
            
 
 
                                                               
  
            
 
 
                                                                   
 
Therefore a gearbox with a reduction ratio of 68:1 would be suitable for this application. A 
number of suppliers were approached and the best option available was a Vavel 70:1 
Worm gearbox from Bearing Man Group (BMG). Although this was more than what was 
required, it gave an advantage of more torque output.  
 
Since the torque requirement had been satisfied, the speed requirement had to be checked 
to ascertain whether it fell within an acceptable range. From Table 3-1 the rated speed of 
the motor is 2500 rpms. Therefore the rpms of the gear box can be calculated as follows: 
   
  
  
                                                         (3-16) 
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Where    is the rpm of the gearbox,    is the rpm of the motor and    is the gearbox 
ratio. 
Hence the speed of the vehicle is given by 
                                                            (3-17) 
Where   is the angular velocity of the gearbox and   the radius of the wheel. 
Since 
      
  
  
                                                   (3-18) 
Equation (3-17) can be written as follows 
      
  
  
                                                (3-19) 
                                                                       
  
  
        
                                                                            
Given the choice of motor and the corresponding gearbox, the vehicle‟s speed will be 
greatly reduced. A solution to this problem will be to purchase a motor with higher rpms 
but this will be more expensive. However, a decision to continue with the motor and 
gearbox selected was taken.  
 
 
 
 
3.2.1.4. Drivetrain Mechanism 
This section will endeavour to illustrate the design and assembly of the drive mechanism. 
It was split into two parts, namely, Motor-Gearbox Assembly and Wheel-Drive Assembly. 
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The Motor-Gearbox Assembly consisted of a number of parts and its function was to 
transmit the drive from the motor to the gearbox. Figure 3-6 shows the full assembly; 
                   
Figure 3-6 : Motor-Gearbox Assembly 
The MY1020 motor came with a sprocket because it was intended for electric scooters (see 
Figure 3-5). However the sprocket could not work for this application and had to be 
removed. Therefore a coupling fixture was designed and manufactured to connect the 
motor shaft to the gearbox to enable torque transmission from the motor to the gearbox. 
 
Figure 3-7 : Motor-Gearbox Exploded View 
Figure 3-7 shows the assembly stages. Firstly, part (C) was inserted onto the motor shaft 
(A) making sure that the flat sides (B) mesh to prevent part (C) from freely rotating about 
Motor 
Spacer 
Flange 
Gearbox 
Motor 
Gearbox 
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the motor shaft (A). Part (D) was then screwed onto part (A) and fixed onto part (C) using 
the three screws shown. A key was inserted in the keyway (E) on part (D) in order to 
transmit the drive onto the gearbox top coupling part (F).  
 
The Wheel-Drive Assembly transmitted the drive from the gearbox shaft to the wheels. 
Since the gearbox had worm gears, it would lock the shaft if the motor was not rotating. 
Hence it was important to design a system that could engage and disengage transmission 
accordingly. This feature would be very useful if the AGV runs out of power and has to be 
towed. 
 
 
Figure 3-8 : Wheel-Drive Assembly 
The wheel-drive assembly consisted mainly of a gearbox shaft, wheel hub and a locking 
device. The gearbox shaft was designed with a keyway (see Figure 3-8) in which the key 
on the locking device was slotted to lock the two together. The locking device was then 
inserted into the slots on the wheel hub to finally transmit the torque to the wheels.  The 
locking device was kept in place by a nut (not shown in Figure 3-8) screwed onto the 
gearbox shaft. In order to disengage transmission, the locking device would be pulled out 
of the wheel hub slots, thus allowing the wheel to freely rotate on the gearbox shaft. 
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3.2.2. Steering System 
The four-wheel-steer (4WS) system was chosen as the steering system for this AGV. This 
was because of its flexibility. It allows the vehicle to move in any desired direction at any 
orientation. This is quite desirable in agricultural applications because it gives the vehicle 
the ability to manoeuvre itself within and around crop rows.  
 
There are a number of ways that can be used to implement this type of steering system. It 
can be achieved using hydraulics, one or two motors with linkages to each wheel or with 
pulleys and belts or four motors. The first three methods demand complex mechanical 
designs to synchronise the wheels in order to achieve any desirable motion. They also 
prevent the independent steering of each wheel, hence limiting flexibility. Therefore, the 
last method was chosen. Though it comes with a higher cost as more motors will be 
required, it is far easier to implement mechanically and also gives the greatest flexibility.    
 
3.2.2.1. Calculations 
In order to select the steering motors, the torque required to steer the wheel had to be 
calculated. This is influenced by a number of factors, depending on the geometrical setup 
of the wheel steering system. The greatest steering torque is developed when the vehicle is 
steered on dry and clean concrete under stationary conditions (Madsen , 2001). This is 
given by equation (3-20) 
 
     √
  
 
                                                      (3-20) 
Where;   = weight of vehicle,    = friction coefficient,    = polar moment of inertia of 
tyre print,    = tyre print area and   = kingpin offset. 
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Figure 3-9 : Tyre Print Area14
 
Figure 3-6 shows the contact area of a tyre which can be compared to an ellipse 
(DISERENS, E et al., 2011). However, this is dependent on the intrinsic properties of the 
tyre as well as external constrains such as the load and inflation pressure on the contact 
area (DISERENS, E et al., 2011). Therefore, in order to simplify calculations, with 
minimum discrepancies, the AGV tyre‟s print area was assumed to be circular in shape 
with a diameter equal to the width of the tyre (MADSEN, Tommy Ertbølle and Jakobsen, 
Hans Lavdal , 2001).    
 
Therefore, the polar moment of inertia of the print area is given by: 
 
   
   
 
                                                                   (3-21) 
 
 
14
Source: (ARTEAGA, Lopez I and Steen, R. v. d., 2007) 
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Since the vertical axis about which the tyre rotates when turning coincides with the centre 
of the wheel, the kingpin offset   is then equal to zero (see Figure 3-7).  
 
Figure 3-10 : Kingpin Axis 
 By substituting equation (3-21) into (3-20) we obtain the following: 
     
√
   
 
 
                                         (3-22) 
Since 
                                                           (3-23) 
Equation (3-22) becomes 
     
√
   
 
   
                                            (3-24) 
   √
  
 
    
                                                             (       )     √
(      ) 
 
    
                                                                  
Rotational Axis 
Kingpin 
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3.2.2.2. Motor Selection 
From the calculations done in section 3.2.2.1, the required steering torque was found to be 
approximately 32Nm. Therefore, a motor that can provide a starting torque greater than 
this should be a suitable solution. A number of options were analysed and a brushed DC 
motor made by DOGA was chosen. Table 3-2 summarises its characteristics. 
Table 3-2 : DOGA Motor Specifications 
DOGA 319.1760.30.00 
Specifications    
Nominal Voltage 12V 
Nominal Torque 9Nm 
Nominal Current 3A 
Nominal Speed 30 rev/min 
Starting Torque 50Nm 
Starting Current 15A 
 
As can be seen from the table, this motor can deliver up to 50Nm of torque at start-up. 
Although this is much more than required, as calculated, it is still a good choice since the 
required torque can vary depending on the terrain. For instance, should the vehicle need to 
steer with one of the wheels in a ditch or against an obstacle, a higher torque would be 
required. This motor was also chosen because of its worm gear configuration. This 
provides self-locking capabilities which means that little feedback can be transmitted to 
the motor from the ground, therefore allowing for greater stability and better control. 
 
In steering configurations the motor will have to change direction every now and then. 
Unfortunately for DC motors, this is not a built-in function like the stepper or servo 
motors. Therefore some control circuitry will have to be designed to achieve this change of 
rotation. This will be discussed in detail in section 3.3.3. A stepper or servo motor could 
have been a simpler solution, but because of the high torque involved the cost of these 
motors was beyond the budget limitations.  
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15
Source: http://www.forum.ih8mud.comm 
3.2.2.3. Steering Configurations 
The steering functionality of any vehicle is a significant attribute as it can dictate the 
flexibility of the entire system. Owing to the need for great manoeuvrability, the 4WS 
system was chosen for this vehicle. This system allows for other configurations such as 
2WS, 4WS, crab steer and diagonal steer. 
 
Figure 3-11 : Ackerman Turning Geometry (2WS)15 
Figure 3-11 shows the geometry of a two wheel steering system using the Ackerman 
System. The formula for each of the wheel angles is given by equation (3-25) and (3-26) 
      
   
(    ⁄ )
                                                     (3-25) 
      
   
(    ⁄ )
                                                     (3-26) 
Therefore by varying R (the turning radius), the steering angles of each wheel were 
computed. Because of the configuration used, the centre position of the wheel was taken to 
be 90
0
 thus the actual angle the wheel had to turn to was given by: 
                                                                    (3-27) 
                                                                     (3-28)  
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Figure 3-12 : Ackerman Turning Geometry (4WS) 
Figure 3-12 shows the geometry for a 4WS system. This system employs a dual Ackerman 
steering pattern where both the front and rear wheels are steered according to Ackerman‟s 
formulae i.e. equations (3-25) and (3-26). However, the rear wheels are turned with the 
angles proportional to the front wheels. This relationship is given as follows: 
                                                             (3-29) 
                                                          (3-30) 
   (   )    ⁄                                 (3-31) 
Therefore the turn radius is: 
  
 
  (   )
                                              (3-32) 
From equation (3-32), it can be seen that the turning radius can be significantly reduced by 
steering the rear wheels at the same angle as that of the front wheel. This will result in a 
50% reduction of the turning radius. Since in this application flexibility is a key issue, this 
configuration was adopted. Therefore, the rear wheels were steered at the same magnitude 
as that of the front wheels. 
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Figure 3-13 : Crab Steering 
Figure 3-13 shows the crab steer system. This was achieved by turning the vehicle about 
its own centroid. This system yields a zero turning radius and is very useful for making 
manoeuvres to change the vehicle‟s orientation. The magnitude of the angles at which the 
wheels will be turned is the same for all wheels in this type of steering. This was 
calculated as follows: 
 
                                                                (3-33) 
       (
 
 
)                                                   (3-34) 
           
  (
 
 
)                                          (3-35) 
                                                                          (
   
  
)   
                                                                      
However, to achieve motion, all wheels on the vehicle must be rotated in the same 
directions i.e. clockwise or anti-clockwise. 
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Diagonal steering allows the vehicle to make sideways manoeuvres without changing its 
orientation. This is crucial in agricultural applications, especially when the vehicle has to 
move from one row to the other. This was achieved by turning all four wheels at the same 
angle in the same direction (see Figure 3-14). The degree of change of direction is 
dependent on the magnitude of the wheel angles. 90
o
 is the maximum - in which case there 
is no forward motion but purely sideways. 
 
Figure 3-14 : Diagonal Steering 
3.2.3. Final Design 
This section will illustrate the final mechanical design and the factors that influenced it.  
 
3.2.3.1. Dimensions  
The dimensions of this AGV were largely influenced by the function the AGV was 
intended for. Since the AGV will have to navigate itself between rows and above crops, it 
should have a wide enough track and a good height clearance to avoid interference with 
the crops. Therefore, as shown in Figure 3-15, the track was designed to be 900mm whilst 
the clearance is 600mm. The same figure also shows the preferred row spacing which suits 
the AGV‟s track. Although in this case the preferred row spacing is 450mm, it can still be 
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varied, depending on the crops, but should, however, leave ample space for the wheels to 
freely move. 
 
Figure 3-15 : Row Spacing 
The overall dimensions of the AGV are shown in Figure 3-16. 
 
Figure 3-16 : Overall Dimensions 
For more details on the drawings and corresponding dimensions, please refer to the 
working drawings in section 8.4 and the pictures in section 8.5 of the appendices. 
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3.2.3.2. Suspension 
A suspension system was designed in order to keep all four wheels on the ground at any 
given time. Although it is assumed that the vehicle will traverse a generally flat terrain, 
this will not always be the case. In order to minimise complications, the suspension was 
simplified to just a pivot between the front and rear axles. This allowed the front wheels to 
swing to a maximum of 5
o
 about the horizontal on either side. This means the AGV can go 
over an obstacle of 90mm in height or into a ditch 90mm low whilst keeping all four 
wheels in contact with the ground. Figure 3-17 shows the suspension system. 
 
Figure 3-17 : AGV Suspension System    
3.2.3.3. Complete Design  
Figure 3-18 shows the CAD model of 
the complete design whilst Figure 3-19 
shows the actual AGV with its 
corresponding components.   
 
Figure 3-18 : Complete Design (CAD Model) 
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Figure 3-19 : Complete AGV (Actual) 
 
3.3. Electrical Design 
3.3.1. Electrical System Layout 
The system ran off a 36V supply consisting of three 12V deep cycle batteries connected in 
series. The drive motors required 36V; the PLCs and steering motors required 24V, whilst 
other control electronics ran off 12V. This voltage scheme was accomplished by tapping 
from the respective batteries, that is, to get 36V, the supply came from all three batteries 
whereas 24V came from two of the batteries see Figure 3-20. 
 
Figure 3-20 : Battery Connection 
Steering Motor 
Feedback Panel 
12V Battery 
S7-1500 PLC 
Steering Encoder 
AGV Chassis 
Status Indicators 
59 
Although this solution would cause an uneven depletion of battery power, it was cheaper 
than to buy DC to DC converters.  
 
The basic layout of the vehicle‟s electrical system is shown in Figure 3-21. It shows the 
power supply circuit linking the various modules. More detail on the modules‟ circuitry 
will follow in subsequent sections. 
 
 
Figure 3-21 : Electrical Layout 
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3.3.2. Safety Circuit 
The safety circuit was implemented using two methods: 1) Hardwire and 2) Software 
method. The hardwire method comprised relays, an E-Stop button and an ignition switch. 
Since the current requirements for the drive motors were high compared to the rest of the 
modules, it was important to isolate the two. When the E-Stop is pressed, it cuts off power 
from all the motors, thus bringing the vehicle to a standstill and also causing the analogue 
output controlling the speed of the motor to drop to zero. The ignition switch was 
connected to the motor controllers and was responsible for switching them on or off. 
Without this switch no output voltage to the motors would be produced (see Figure 3-22). 
 
 
Figure 3-22 : Safety Circuit 
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3.3.3. Motor Control Circuit 
The motor control circuit was responsible for changing the direction of rotation of the 
motor, as well as the speed of the motor. Two types of controllers were used in this 
project: one for the driving motors and the other for the steering motors. The drive motors 
came with controllers which use an analogue signal for speed control. This signal is 
provided by the S7-1500 PLC Analogue Output Module. However, these controllers had 
one drawback in that they did not have an option for changing the direction of rotation. 
Since the drive motors would not frequently change direction, a non-solid-state solution 
was used, as discussed in section 2.4.3.3. 
 
The steering motors had to frequently and rapidly change direction as dictated by the 
navigation algorithm or feedback panel. Therefore, solid-state means had to be used owing 
to the fast switching requirement. Since the steering motors did not come with controllers, 
an H-bridge had to be designed and built. Figure 3-23 shows the H-bridge circuits that 
were built to control the direction and speed of the steering motors. The direction change 
was controlled using a digital output from the PLC whilst the speed was controlled using a 
PWM signal. The circuit diagram and components list of the H-bridge can be found in 
section 8.3 of the appendices.  
 
 
 
 
 
 
 
Figure 3-23 : H-Bridge 
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3.4. Control System 
3.4.1. System Modules 
 
The Control system of the AGV was split into modules which are responsible for specific 
functions. Figure 3-24 shows each module and its corresponding components. 
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Table 3-3 : Control Modules' Components and Functions 
Module Component Part Function 
 
Drive 
Controller  500W/21A Motor speed control 
Motor Unite 
MY1020 
To provide motion 
Gearbox Vavel To increase motor torque 
Feedback Sensor  Festo 
165350 A9B 
To provide distance travelled 
measurements 
 
Steering 
H-bridge N/A Motor speed and direction control  
Motor DOGA 
319.1760.30.00 
To provide steering torque 
Position Feedback Potentiometer  To provide steering angle 
measurements 
 
Com 
W/LAN Scalance 
W784-7 
To provide wireless local area 
network 
HMI  To provide remote control of the 
AGV 
PC N/A To download programs and for 
diagnostics 
 
Navigation 
S7-1200 PLC Siemens Navigation control 
RS232 Module CM1241 GPS – PLC module interface 
GPS Module Garmin To provide GPS coordinates  
 
 
Safety 
E-Stop N/A To stop vehicle motion 
Status Indicators N/A To show vehicle status and provide 
visual presence notification 
Buzzer N/A To provide audio presence 
notification 
Proximity Sensors 
(Obstacle detection) 
N/A To detect any nearby obstacle in the 
AGV‟s path 
Control Feedback Panel N/A To provide manual on-board vehicle 
control 
 
Table 3-3 shows the module, its components and their respective functions. Not shown in 
both Figure 3-24 and Table 3-3 is the Siemens S7-1500 PLC and its digital and analogue 
I/O modules. This is the main control module which acquires and passes information to 
and from the control modules thereby integrating the whole system. The S7-1500 PLC was 
chosen because of its robustness and reliability. It also features an LCD display for quick 
diagnostics and parameter settings. 
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3.4.2. Feedback Panel 
 
Figure 3-25 : Feedback Panel 
The feedback panel contains four buttons an E-Stop and a two way ignition switch. The 
purpose of this panel is to provide manual control of the vehicle. It was also used during 
the software development phase for debugging purposes. 
 
3.4.3. Distance and Speed Measurements 
 
 
 
 
 
 
 
 
 
 
 
Left 
Right 
Start 
Stop 
Ignition  
Switch 
E-Stop 
Inductive Sensor 
Perforated Disk 
Figure 3-26 : Speed/Distance Sensor Setup 
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Potentiometer  
Timing Belt  
Pulleys  
The distance travelled was measured using the perforated disk and inductive sensor 
arrangement shown in Figure 3-26. As the disk rotates, the sensor will pick up the 
perforations, thus providing a pulsed signal (see section 2.3.2.2). Each signal pulse period 
corresponds to a 45
o
 rotation. Thus the distance travelled is given by: 
                                                              (3-36) 
Where   is the radius of the wheel and   the angle of rotation in radians. 
Therefore  
     
                                                                                     ⁄   
                                                                                
Thus by keeping track of the number of pulses and multiplying this by the distance 
calculated above, the distance travelled can be computed. The speed was measured by 
calculating the distance travelled per second. The resolution of this encoder arrangement is 
quite low i.e., 19cm. This is because of the limited number of perforations on the disk. 
More perforations will result in higher resolution but will require a sensor with a smaller 
diameter. The chosen design was as a result of the available inductive sensors and because 
of the lack of a high speed input module. Therefore the frequency of the signal had to be 
limited to what the input module of the PLC can handle. 
  
3.4.4. Steering Angle Measurement 
Steering angle measurements were done through the use of a 
potentiometer. This was connected to the kingpin through a 
pulley and timing belt system as shown in Figure 3-27. As the 
steering angle changed, the voltage on the potentiometer changed 
as well thus providing an analogue signal back to the PLC (see 
section 2.3.4).  
Figure 3-27 : Steering 
Angle Measurement 
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3.5. Communication Protocol 
The Siemens Industrial Wireless Ethernet was used as the communication protocol. The 
wireless modules were linked via Wi-Fi with the S7-1500 PLC configured as the server 
and the PC and HMI as clients. 
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4. Software Implementation 
4.1. Software Algorithm 
The software was implemented using the Siemens TIA Portal Version 12. It was split into 
two main sections; Manual Mode and Automatic Mode. The Automatic mode will be 
explained in section 4.3. 
Table 4-1 : AGV I/O List 
Commodore I/O List 
Address Hardware Address Hardware 
Digital Inputs Digital Outputs 
i0.0 NO Ignition_1 q0.0 Direction REV FR 
i0.1 NO Ignition_2 q0.1 Direction REV FL 
i0.2 NC E-STOP q0.2 Direction REV RR 
i0.3 NO Push Button Black q0.3 Direction REV RL 
i0.4 NO Push Button Yellow q0.4 Jog Right FR 
i0.5 NO Push Button Blue q0.5 Jog Right FL 
i0.6 NO Push Button Red q0.6 Jog Right RR 
i0.7 Speed Sensor FR q0.7 Jog Right RL 
i1.0 Speed Sensor FL q2.4 Jog Left FR 
i1.1 Speed Sensor RR q2.5 Jog Left FL 
i1.2 Speed Sensor RL q2.6 Jog Left RR 
Analogue Inputs q2.7 Jog Left RL 
iw12 Steering Encoder FR q3.0 Red LED 
iw14 Steering Encoder FL q3.1 Orange LED 
iw16 Steering Encoder RR q3.2 Green LED 
iw18 Steering Encoder RL q3.3 Buzzer 
Analogue Outputs 
  qw4 Drive Motor FR N0 – Normally Open NC – Normally Closed 
qw6 Drive Motor FL FR –Front Right RR – Rear Right 
qw8 Drive Motor RR FL – Front Left RL – Rear Left 
qw10 Drive Motor RL 
   
The manual mode allows the user to control the AGV either from the control panel on the 
AGV or remotely from an HMI. It was designed to have subsequent sections which 
correspond to the different types of steering configurations. The first stage of the 
programme was to generate an I/O list for the S7-1500 PLC. This is shown in table 4-1. 
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This was done according to the interface between the module and the PLC which was 
either digital or analogue.  
 
This was followed by the calibration of the steering encoders. This was done so as to 
establish the relationship between the steering angle and the encoder value (see section 8.2 
in the appendices). A formula relating the two was programmed into the PLC in order to 
deduce the steering angle for any given encoder reading. The resolution of the steering 
angle measurement was limited to 1
o
 as this was sufficient for this application. 
 
The speed and distance measurements were programmed next as explained in section 
3.4.3. The speed was calculated by keeping track of the number of pulses per given time 
with eight pulses being equal to one complete revolution. Analogue values were set for the 
drive motor controllers for all the wheels to allow for uniform angular velocity in order to 
minimise the veering-off problem associated with mobile robots.  
 
The steering angles for different configurations were programmed using the equations 
discussed in section 3.2.2.3. Thus for each configuration, different steering angles were 
calculated and function blocks with pre-set angles were programmed. These blocks would 
be activated when the corresponding configuration is selected.  
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The control algorithm flow chart of the software is shown in Figure 4-1.  
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Figure 4-1 : AGV Software Flow Chart 
4.2. HMI Control 
The HMI was designed to be the main control panel for this AGV. It features a wireless 
interface (see Figure 4-2); thus it can be used to control the vehicle from a remote location. 
It is on this device that the user can select the different modes of operation i.e. manual 
mode and automatic mode. 
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Figure 4-2 : HMI Module 
In the automatic mode, the user can enter the GPS coordinates of one or more waypoints to 
which the AGV should navigate. Other parameters such as speed, distance, obstacle 
presence and current GPS coordinates are displayed in this mode. In the manual mode, the 
user can select the desired steering configuration and manually steer the vehicle as desired. 
Figure 4-3 shows the different HMI screen designs. 
 
 
 
 
 
 
 
 
 
 
 
 
HMI 
W/LAN Module 
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Steering Configurations 
4WS Configurations 
Crab Steer Configurations 
Auto Mode Button 
Figure 4-3 : HMI Screens 
Waypoint 
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4.3. GPS 
The GPS programme is shown in the flowchart in Figure 4-1. It works by navigating the 
AGV to a user defined waypoint. This is done by minimising the calculated distance 
between the desired and current coordinates to the relative accuracy of the GPS module 
used.  The direction is corrected by comparing the heading of the vehicle with the bearing 
calculated from the given waypoint. Below are the formulae used to calculate the distance 
and bearing between the position coordinates of the AGV and the user defined coordinates 
(desired waypoint). The method uses the haversine formula to calculate the shortest 
distance over the earth‟s surface (Veness, 2010).  
 
Distance formula: 
      (   ⁄ )     (  )     (  )     
 (   ⁄ )                     (4-1) 
          (√  √(   ))                                                     (4-2) 
                                                                                               (4-3) 
Where   is latitude,   is longitude and   is the Earth‟s radius 
 
Bearing formula: 
        (   (  )    (  )     (  )     (  )     (  )     (  )     (  ))     (4-4) 
Where   is latitude and   is longitude 
 
4.4. Obstacle Detection 
A low level obstacle detection program was implemented. This will cause the vehicle to 
stop upon detection of an obstacle and wait for commands from the user.  
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5. Operation and Results 
In order to verify the functionality of this AGV, a number of tests were performed and are 
discussed in the following sections. A DVD containing the footage of the tests 
accompanies this report and can be found in section 8.7 of the appendices. 
 
5.1. Speed Control Test 
The speed control function of this AGV ensures that the vehicle moves at a user-defined 
speed.  Therefore the speed control test was carried out to ascertain if this was so. The 
speed control function implements an open loop control system meaning that the speed is 
not actively adjusted to compensate for any disturbances introduced into the system.  
 
To perform this test, the vehicle was hoisted and placed on blocks in order to suspend the 
wheels in the air. The HMI was used to enter the desired speed of the vehicle. Since the 
motor controllers accepted analogue signals for speed control, the speed entered on the 
HMI had to be converted from digital to analogue. Thus 0 – 65536 on the HMI 
corresponded to 0 – 5V on the PLC analogue output.  
 
It was discovered during the test that the motor controllers had a dead zone which meant 
that motion was only achieved at values greater than 9100. The speed control test achieved 
good results as the speed could be varied by entering different values on the HMI. The 
speed of the vehicle was calculated and displayed in m/s on the HMI using the technique 
explained in section 3.4.3.  The speeds tested in this test did not represent the actual 
AGV‟s true speed as the motors were running at almost no-load conditions. The actual 
speed when the vehicle was on the ground was less for the same value entered on the HMI 
because the weight of the vehicle was now in action. 
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5.2. Odometer Test 
This test was carried out to check if the travelled distance could be accurately calculated. 
This was done by moving the vehicle along a strip with known distances. This distance 
was then compared to the one displayed on the HMI. However, because of the sensor 
configuration used to measure distance on this AGV (see section 3.4.3) the resolution was 
limited to 19cm i.e. a 45
o
 rotation of each wheel. 
 
The test revealed that this system of keeping track of distance travelled works well when 
the vehicle is moving in a straight line. However, errors were introduced when the vehicle 
turned because each wheel traversed different lengths owing to the different steering 
angles. This was only observed in configurations that made use of Ackerman‟s formula. 
Although errors are introduced when turning, this method will still work to determine 
plant-to-plant distances in a row when the vehicle is used for planting seeds as this 
normally does not involve a lot of turning if any. However, higher resolution is required 
for better accuracy.  
 
5.3. Steering Control Test 
The reason behind this test was to ascertain whether the steering motors could move the 
wheels to specific positions and maintain them even in the presence of disturbances. This 
was a crucial test as it revealed the ability to steer the vehicle because each wheel would to 
have rotate to a specific steering angle in order to turn the vehicle. 
 
The test was conducted using an HMI to enter the steering angles to which the wheel 
should steer. These ranged from 0
o 
- 180
o
. A sheet with angle measurements was placed on 
the vehicle around the kingpin (see Figure 8-1 in Section 8.2. of the appendices). This was 
74 
used to monitor the wheel motion and to check if the actual wheel angle was consistent 
with the entered value.    
 
The test was successful. The motors could be controlled to move to specific angles and had 
the ability to maintain them. However, a bit of oscillation was noticed as the tyres tried to 
fix themselves at the desired angles. This was due to the fact that no PWM outputs were 
available as the Digital I/O modules procured did not support this feature. Thus the speed 
of the steering motors could not be adjusted. The ideal case would be to reduce the speed 
of the motors as the wheel approaches the desired angle. However in this case it was an 
on–off control but some control algorithms with delay functions were programmed to 
minimise if not eliminate the oscillations. 
 
It was also noticed that after a series of testing, the angles which were observed and those 
displayed were no longer consistent. This was attributed to the depletion of the battery. 
Since the steering angles were voltage based, any change in the supply voltage would 
affect their output. This problem was solved by inserting a 5V regulator in the circuit. This 
meant that regardless of the battery voltage, the sensors would always get a constant 
voltage supply. 
 
5.4. Steering Configuration Test 
This test was conducted to verify if the desired steering configurations work. In essence it 
was a test of the manual mode of the AGV, whereby the user selected the steering 
configuration and controlled the motion of the vehicle, i.e. forward, reverse, left or right. 
(For videos on this test, please refer to section 8.7.1 of the appendices). 
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In this test the user selected the steering configuration from the HMI and could control the 
vehicle‟s motion thereof. Should the user accidentally exit the selected mode whilst the 
vehicle was in motion, it would automatically stop to avoid any damages. 
 
The test revealed that all the configurations work well. The vehicle could be controlled 
perfectly well in all configurations from a remote location via the HMI and from the 
vehicle feedback panel. If the control was done from the vehicle, the user could only move 
it forward/reverse and left/right in the configuration set from the HMI. It was noticed that 
with the 4WS configurations, the vehicle moved very slowly when executing a turn. This 
was attributed to the small radius turn. This could however be improved by steering the 
rear wheels at a fraction of the front wheels‟ angles but it will be at the cost of the turning 
radius. Since flexibility was a key factor in this project, it was decided to keep the turning 
radius as small as possible to allow the vehicle to manoeuvre itself even in constrained 
spaces. The minimum turning radius for the 2WS configurations was found to be 3m 
which was consistent with the calculations, whereas that of the 4WS was 1,5m. 
 
5.5. Suspension Test 
This test was done to ascertain whether the vehicle‟s four wheels will remain in contact 
with the ground when the terrain is not level. This was done by rolling the wheels over 
obstacles of different heights. It was noticed that the vehicles wheels kept contact with the 
ground as long as the angle between the front and rear axle was kept below 5
o
. 
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5.6. Obstacle Detection and E-Stop Test 
In this test, the safety aspect of the AGV was being investigated. The AGV was 
programmed to be able to detect the presence of obstacles. This would then cause the 
vehicle to come to a complete stop and wait for further commands from the user. 
 
Different obstacles were put in the AGV‟s path as programmed and the vehicle was able to 
detect them. However some obstacles were not detected due to their size and position 
along the AGV‟s path. This was because of the number of sensors used for this feature. 
For better detection, more sensors of the type used will be required. 
 
The E-Stop was intended to cut off power supply to all the motors when pressed. The test 
that was done revealed this to be consistent. Upon releasing the E-Stop, the user will have 
to control the AGV in order to resume motion.  
 
5.7. GPS Navigation Test 
Unfortunately this test could not be performed owing to compatibility issues. The GPS 
coordinates could not be acquired as there was no function block available to do this in the 
Siemens TIA Portal v12 library. This could only be done in the Siemens TIA Portal v11 
which was not compatible with the S7-1500 PLC. This was not previously known and was 
only discovered during programming.  
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6. Summary 
6.1. Conclusion  
Because of the limited natural resources available, especially fertile farming land, 
combined with the increasing world population, a great demand for efficient farming 
methods is created. Therefore, improved farming systems become one of the means by 
which food shortage, in the near future, can be averted.  
 
This thesis deals with the development of an Autonomous Guided Vehicle (AGV) for 
agricultural applications. Research on available agricultural AGVs was done to ascertain 
their operation and construction. Furthermore, extensive research was done on the basic 
fundamentals of mobile robots. This was applied in the design and development of the 
AGV to which this thesis is devoted. 
 
A light-weight AGV of      , compared to the tonnes of commercially available 
tractors, etc., was successfully constructed. The platform was made from steel and 
comprised of a semi-rigid suspension which allowed for constant ground contact for all 
four wheels. It employed a four-wheel drive (4WD), four-wheel steer (4WS) configuration 
for maximum flexibility. 
 
The entire system implemented wireless technology to allow for remote location control. 
This was done through the use of a Human Machine Interface (HMI) on which the user 
could select the different modes of operation, as well as steering configurations. GPS way 
points to which the vehicle should navigate could also be entered from the HMI. However, 
this feature could not be tested owing to software compatibility issues which prevented the 
reading of the vehicle‟s current GPS coordinates. 
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Steering algorithms for different configurations were developed and successfully tested. 
This allowed the AGV to move in any desired orientation, thus giving it maximum 
flexibility. Infrared sensors were mounted on the AGV for purposes of obstacle detection 
to avoid any collisions. 
 
The AGV developed in this thesis presents a good platform for agricultural applications. It 
can be integrated with a host of tailor-made reconfigurable modules for each farming 
operation. This can be planting modules, weeding modules, spraying modules or 
harvesting modules. With the use of GPS and remote location control via Wi-Fi, this AGV 
can be used even when there is low visibility without supervision. However, this is 
dependent on the accuracy of the GPS module used. Since this AGV employed industrial 
standard equipment, the technology can be up scaled to bigger machinery for increased 
throughput, therefore improving the agricultural efficiency.  With the use of 3G 
technology, if implemented on this AGV, one could even control the AGV from anywhere 
in the world from a dedicated website through internet. 
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6.2. Recommendations   
During the development phase of this AGV, a number of challenges were encountered. 
The following paragraphs will highlight recommendations which will lead to an improved 
system. Recommendations for future prospects will also be included. 
 
1. Mechanical 
 To design a platform with a full suspension system to absorb shocks as the 
vehicle traverses uneven terrain. 
 
2. Electrical  
 To use servo or stepper motors as steering motors for better steering control 
despite the cost, or to acquire an additional module to generate PWM 
signals for the steering motor speed control for PID implementation; 
 To use different distance encoders for higher resolution thus better 
accuracy; 
 To use laser range finders for better obstacle detection. 
 
3. Future Prospects 
 To design a reconfigurable module for planting, spraying or weeding; 
 To incorporate a vision-based system for harvesting; 
 To incorporate 3G technology to allow for website based control. 
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8. Appendices  
8.1. FEA Analysis 
Kingpin Frame 
MESH: 
Entity Size 
Nodes 6987 
Elements 20014 
 
ELEMENT TYPE: 
Connectivity Statistics 
TE4 20014 ( 100.00% ) 
 
ELEMENT QUALITY: 
Criterion Good Poor Bad Worst Average 
Stretch 20014 ( 100.00% ) 0 ( 0.00% ) 0 ( 0.00% ) 0.313 0.568 
Aspect Ratio 20014 ( 100.00% ) 0 ( 0.00% ) 0 ( 0.00% ) 4.935 2.353 
 
Materials.1 
Material Steel 
Young's modulus 2e+011N_m2 
Poisson's ratio 0.266 
Density 7860kg_m3 
Coefficient of thermal expansion 1.17e-005_Kdeg 
Yield strength 2.5e+008N_m2 
 
 
85 
Static Case 
Boundary Conditions 
 
Figure 1 
 
STRUCTURE Computation 
Number of nodes : 6987   
Number of elements : 20014   
Number of D.O.F. : 20961   
Number of Contact relations : 0   
Number of Kinematic relations : 0   
Linear tetrahedron : 20014   
    
LOAD Computation 
Name: Loads.1 
Applied load resultant :  
Fx = -6 . 335e-013  N 
Fy = -1 . 123e-012  N 
Fz = -1 . 000e+003  N 
Mx = 1 . 057e+001  Nxm 
My = -7 . 030e+001  Nxm 
Mz = 5 . 855e-014  Nxm 
STIFFNESS Computation 
Number of lines : 20961     
Number of coefficients : 347139     
Number of blocks : 1     
Maximum number of coefficients per bloc : 347139     
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Total matrix size : 4 . 05  Mb 
      
SINGULARITY Computation 
Restraint: RestraintSet.1  
Number of local singularities : 0   
Number of singularities in translation : 0   
Number of singularities in rotation : 0   
Generated constraint type : MPC   
CONSTRAINT Computation 
Restraint: RestraintSet.1  
Number of constraints : 2220   
Number of coefficients : 0   
Number of factorized constraints : 2220   
Number of coefficients : 0   
Number of deferred constraints : 0   
FACTORIZED Computation 
Method :  SPARSE   
Number of factorized degrees : 18741     
Number of supernodes : 1737     
Number of overhead indices : 83361     
Number of coefficients : 1839945     
Maximum front width : 516     
Maximum front size : 133386     
Size of the factorized matrix (Mb) : 14 . 0377   
Number of blocks : 2     
Number of Mflops for factorization : 3 . 845e+002   
Number of Mflops for solve : 7 . 453e+000   
Minimum relative pivot : 7 . 951e-005   
Minimum and maximum pivot 
Value Dof Node x (mm) y (mm) z (mm) 
9.6200e+005 Tx 6987 -6.8455e+001 2.7279e+001 -1.7500e+002 
1.2556e+010 Tz 473 2.5911e+001 -9.5000e+001 1.7500e+002 
 
Minimum pivot 
Value Dof Node x (mm) y (mm) z (mm) 
3.5405e+006 Tx 6986 1.5898e+002 7.2079e+001 1.7751e+002 
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2.7994e+007 Tx 4624 1.0776e+001 -1.3947e+001 -1.7800e+002 
3.7811e+007 Tx 5298 0.0000e+000 -2.2006e+001 4.6778e+001 
3.9921e+007 Ty 6074 5.0000e+000 -5.9567e+001 -1.4004e+001 
5.1586e+007 Ty 5405 0.0000e+000 6.9224e+001 3.9092e+001 
5.3440e+007 Ty 5760 0.0000e+000 6.8580e+001 -1.4378e+002 
6.0752e+007 Tz 6690 5.0000e+000 4.5720e+001 1.6864e+002 
6.2860e+007 Tx 6985 1.3089e+002 7.1730e+001 1.7813e+002 
6.3396e+007 Ty 6987 -6.8455e+001 2.7279e+001 -1.7500e+002 
 
Translational pivot distribution 
Value Percentage 
10.E5 --> 10.E6 5.3359e-003 
10.E6 --> 10.E7 5.3359e-003 
10.E7 --> 10.E8 1.3340e-001 
10.E8 --> 10.E9 1.8782e+001 
10.E9 --> 10.E10 8.1036e+001 
10.E10 --> 10.E11 3.7351e-002 
DIRECT METHOD Computation 
Name: StaticSet.1 
Restraint: RestraintSet.1 
 
Load: LoadSet.1 
Strain Energy : 8.095e-002 J 
Equilibrium  
Components 
Applied 
Forces 
Reactions Residual 
Relative 
Magnitude Error 
Fx (N) -6.3349e-013 -2.0363e-008 -2.0364e-008 1.5414e-010 
Fy (N) -1.1230e-012 -1.0413e-009 -1.0425e-009 7.8909e-012 
Fz (N) -1.0000e+003 1.0000e+003 -4.2887e-009 3.2463e-011 
Mx (Nxm) 1.0571e+001 -1.0571e+001 -4.0568e-010 1.5354e-011 
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My (Nxm) -7.0300e+001 7.0300e+001 2.4411e-009 9.2389e-011 
Mz (Nxm) 5.8546e-014 3.4061e-010 3.4067e-010 1.2893e-011 
Static Case Solution.1 - Deformed mesh.2 
 
Figure 2 
On deformed mesh ---- On boundary ---- Over all the model 
Static Case Solution.1 - Von Mises stress (nodal values).2 
 
Figure 3 
3D elements: : Components: : All 
On deformed mesh ---- On boundary ---- Over all the model 
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Static Case Solution.1 - Deformed mesh.1 
 
Figure 4 
On deformed mesh ---- On boundary ---- Over all the model 
Static Case Solution.1 - Translational displacement magnitude.1 
 
Figure 5 
3D elements: : Components: : All 
On deformed mesh ---- On boundary ---- Over all the model 
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Static Case Solution.1 - Von Mises stress (nodal values).1 
 
Figure 6 
3D elements: : Components: : All 
On deformed mesh ---- On boundary ---- Over all the model 
Static Case Solution.1 - Stress Von Mises (center of element's values).1 
 
Figure 7 
3D elements: : Components: : All 
On deformed mesh ---- On boundary ---- Over all the model 
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8.2. Steering Angle Sensor Calibration 
In order to precisely control the steering angles, the steering angle sensor had to be 
calibrated. This was done placing a sheet of paper with measured angles around the 
kingpin (see Figure 8-1). The wheel was rotated to different angles while the voltage from 
the potentiometer was recorded. This was plotted and a formula relating the two was found 
for each wheel. 
 
 
 
 
Figure 8-1 : Steering Angle Sensor Calibration 
The table below show the values recorded for each wheel as the steering angle was 
adjusted. 
Table 8-1: Steering Angle Calibration 
Angle Voltage (Digital Value) 
 
FR FL RR RL 
0 964 924 126 100 
10 920 880 174 148 
20 875 830 220 196 
30 828 780 270 244 
40 782 730 314 290 
50 736 677 365 341 
60 688 629 413 389 
70 640 584 460 440 
80 595 535 510 485 
90 535 487 560 540 
100 489 437 612 597 
110 442 394 658 644 
120 395 348 705 700 
130 348 300 754 747 
140 298 252 803 800 
150 254 213 850 851 
160 201 168 895 900 
170 156 122 944 952 
180 105 75 992 1000 
Sheet with 
measure angles 
Angle Marker 
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Graphs, such as one shown below were plotted. The equation relating the two was 
obtained and programmed into the vehicle PLC. 
 
 
 
8.3. Motor Control H-Bridge 
The H-bridge used to control the steering motors was self-built using the instructions 
found on http://www.pyroelectro.com.  
 
8.3.1.  Parts List 
2x TIP147 PNP Transistor  2x TIP142 NPN Transistor 
2x 2n2222 NPN Transistor  2x 1kΩ Resistors 
2x 10kΩ Resistors   2x Dual Terminal Block 
Triple Terminal Block  Dual Layer PC Board 
 
y = 0.1984x - 18.198 
R² = 0.9998 
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8.3.2. Schematic Layouts 
Figure 8-2 shows the schematic circuit of the H-Bridge. The PCB in figure 8-3 was used to 
print the actual board on which the components were soldered.  
 
Figure 8-2 : H-Bridge Schematic 
 
Figure 8-3 : H-Bridge PCB 
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8.4. Working drawings 
This section shows the working drawings of some of the major components designed for 
the AGV under review. 
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8.5. AGV Pictures 
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8.6. PLC Programme 
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8.7. DVD 
8.7.1. Video Footage of Tests 
8.7.2. PDF Files of the This Document and Related Material 
8.7.3. CAD Drawings of the AGV  
8.7.4. AGV Software 
